Inborn errors of metabolism (IEMs) are individually rare conditions, usually caused by partial or full enzyme deficiencies or transport defects. They result in either accumulation of toxic metabolites or lack of an important end product. Early diagnosis and treatment are essential for better outcomes or prevention of death. Newborn screening (NBS) for these rare disorders is an effective and important approach for early and presymptomatic diagnosis. State NBS programs routinely screen nearly 4 million newborns in the United States each year ([@FICICIOGLUMCS001842C1]).

Newborn metabolic screening was started for early detection of phenylketonuria (PKU) using a bacterial inhibition assay developed by Robert Guthrie in the 1960s ([@FICICIOGLUMCS001842C25]). In the 1990s, the advent of tandem mass spectroscopy enabled screening of many more IEMs on a single blood spot. Currently, 49 IEMs are in the core and secondary NBS panels ([Tables 1](#FICICIOGLUMCS001842TB1){ref-type="table"} and [2](#FICICIOGLUMCS001842TB2){ref-type="table"}) and screened based on "targeted metabolomics" using tandem mass spectroscopy in the United States ([@FICICIOGLUMCS001842C7]; [@FICICIOGLUMCS001842C2]; [@FICICIOGLUMCS001842C27]; [@FICICIOGLUMCS001842C14]). In some NBS programs, "targeted mutation analysis" is also done as a secondary test when the NBS is abnormal for some IEMs and can confirm the presence of a disease. For example, in a case with elevated C8 level detected by NBS, the presence of two copies of *c.985 G\>A* revealed by genetic testing confirms the diagnosis of medium-chain acyl-CoA dehydrogenase (MCAD).

###### 

Recommended uniform metabolic screening panel (RUSP)---25 core conditions

  Metabolic conditions detectable by tandem mass spectrometry (MS/MS)   Metabolic conditions detectable by other tests                                                  
  --------------------------------------------------------------------- --------------------------------------------------- --------------------------- ------- ------- -------------------------------
  Carnitine uptake defect                                               Propionic acidemia                                  Classical phenylketonuria   Pompe   X-ALD   Biotinidase deficiency
  Long-chain L-3 hydroxyacyl-CoA dehydrogenase deficiency (LCHAD)       Methylmalonic acidemia (methylmalonyl-CoA mutase)   Argininosuccinic aciduria   MPS-I           Classical galactosemia (GALT)
  Medium-chain acyl-CoA dehydrogenase deficiency (MCAD)                 Methylmalonic acidemia (cobalamin disorders)        Citrullinemia, type I                       
  Trifunctional protein deficiency (TFP)                                Isovaleric acidemia                                 Maple syrup urine disease                   
  Very long-chain acyl-CoA dehydrogenase deficiency (VLCAD)             3-Methylcrotonyl-CoA carboxylase deficiency         Homocystinuria                              
                                                                        3-Hydroxy-3-methyglutaric aciduria                  Tyrosinemia, type I                         
                                                                        Holocarboxylase synthase deficiency                                                             
                                                                        β-Ketothiolase deficiency                                                                       
                                                                        Glutaric acidemia type I                                                                        

^a^In some states other lysosomal storage disorders (LSDs) such as Krabbe, Niemann--Pick, Gaucher, and Fabry are also screened. The Missouri state laboratory uses the digital microfluidics (DMF) method to screen LSDs.

###### 

Recommended uniform metabolic screening panel (RUSP)---24 secondary target conditions

  Metabolic conditions detectable by tandem mass spectrometry (MS/MS)         Metabolic conditions detectable by other tests                                                      
  --------------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------- --------------------------------------------------------------------
  Short-chain acyl-CoA dehydrogenase deficiency (SCAD)                        Methylmalonic acidemia with homocystinuria (Cbl C, D)   Argininemia                                 Galactoepimerase deficiency (GALE) Galactokinase deficiency (GALK)
  Medium/short-chain L-3-hydroxyacyl-CoA dehydrogenase deficiency (M/SCHAD)   Malonic acidemia                                        Citrullinemia type II                       
  Glutaric acidemia type II                                                   Isobutyrylglycinuria                                    Hypermethioninemia                          
  Medium-chain ketoacyl-CoA thiolase deficiency (MCAT)                        2-Methylbutyryl glycinuria                              Benign hyperphenylalaninemia                
  2,4 Dienoyl-CoA reductase deficiency                                        3-Methylglutaconic aciduria                             Biopterin defect in cofactor biosynthesis   
  Carnitine palmitoyltransferase type I deficiency (CPT 1A)                   2-Methyl-3-hydroxybutyric aciduria                      Biopterin defect in cofactor regeneration   
  Carnitine palmitoyltransferase type II deficiency (CPT 2)                                                                           Tyrosinemia, type II                        
  Carnitine acylcarnitine translocase deficiency (CACT)                                                                               Tyrosinemia, type III                       

The expansion of disorders included in NBS panels has led to significant benefits in the diagnosis and treatment of many diseases; at the same time, it has also led to unintended consequences such as overdiagnosis, unnecessary treatment, and parental anxiety ([@FICICIOGLUMCS001842C30]; [@FICICIOGLUMCS001842C35]). The main goal of NBS is to detect newborns with severe IEMs in a presymptomatic period and start treatment as soon as possible to prevent complications such as death, mental retardation, and metabolic crisis (Wilson--Jungner Criteria) ([@FICICIOGLUMCS001842C26]). One consequence of NBS is detecting patients with partial enzyme deficiencies such as partial biotinidase deficiency or DG galactosemia who may never need treatment ([@FICICIOGLUMCS001842C9]). NBS also detects patients with late-onset forms of diseases such as late-onset very long-chain acyl-CoA dehydrogenase deficiency (VLCAD), which may only require treatment in adulthood. These patients are regularly referred to metabolic centers for expensive confirmatory tests, which in turn sometimes leads to unnecessary treatment, follow-up visits, anxiety for families, and an overburdened medical system.

The landscape of NBS is changing as new tools are developed. We must acknowledge that NBS is a very important and extraordinarily positive initiative especially for rare and serious inherited disorders; however, lessons learned from current NBS should guide the future of NBS as we enter the era of "omics" that will expand newborn screening for many other genetic disorders. The study of genetics and metabolism at the global level---"omics"---is a rapidly growing field and it will inevitably impact on newborn screening in the near future. "Omic" approaches aim to analyze in a targeted or untargeted fashion the biological information carried by genes (genomics), mRNAs (transcriptomics), proteins (proteomics), and metabolites (metabolomics). It is becoming clearer that a single "omic" approach such as genomics is insufficient for completely capturing the complexity of diseases. Rapidly advancing technology and the incorporation of genetic tests and other biomarkers into NBS will make it possible to detect many more genetic conditions ([@FICICIOGLUMCS001842C29]). Such tests will also pose challenges because many of these conditions are not well understood or treatable and will shift the implications and uses of NBS.

This raises an important question: "Are we ready for that expansion?" In this article, I will first discuss new tools such as genomics and metabolomics for newborn screening. I will then turn to assessing how best to take advantage of new technical developments while considering the best interests of patients and the success of newborn screening.

Metabolomics {#s1a}
============

Metabolomics is comprehensive analysis of the repertoire of biochemicals that are present in cells, tissues, and body fluids and represents individuals' overall health status ([@FICICIOGLUMCS001842C24]). Metabolomic findings are influenced by the genome, diet, drugs, environmental factors, and the gut microbiome. The metabolic profile provides information about biochemical status ranging from normal physiology to pathology that may not be obvious from gene expression analysis ([@FICICIOGLUMCS001842C10]). The current newborn metabolic screening practice captures only a fraction of the information present in the metabolome and only measures a small set of biochemical markers that are mostly disease-specific ([@FICICIOGLUMCS001842C7], [@FICICIOGLUMCS001842C27]). Examples include measuring phenylalanine to detect patients with PKU or succinylacetone for screening of tyrosinemia type 1.

Metabolomics generally uses biofluids, cells, and tissues as the primary source of metabolic data. Urine, serum, and plasma are the most common biofluids since they can be easily obtained. Analysis of dried blood spots (DBSs) is the standard for NBS for IEM. The analysis of DBSs and urine spots has limited application in metabolic profiling at this point, but validation of this approach will come soon ([@FICICIOGLUMCS001842C36]).

Current newborn metabolic screening targets certain metabolites such as amino acids and acylcarnitines, which are measured with tandem mass spectrometry (MS/MS). It also measures enzymes levels using either MS/MS for lysosomal storage diseases (LSDs) or other methods for biotinidase and galactosemia. Abnormal levels of each marker can point to (a) a single metabolic disease; (b) several different metabolic diseases; (c) maternal disease; or (d) other factors such as medication, prematurity, nutritional deficiencies, and a sick neonate.

Acylcarnitines are the markers for fatty acid oxidation defects and organic acidemias ([@FICICIOGLUMCS001842C27]). Abnormal acylcarnitine species indicates a single metabolic disease; several different metabolic diseases; or a false positive. For example, an elevated level of octanoyl carnitine (C8) points to MCAD deficiency. Elevated levels of 3-hydroxyisovaleryl carnitine (C5-OH) could be due to β-ketothiolase deficiency, biotinidase deficiency, holocarboxylase deficiency, 3-OH-3-methylglutaryl-CoA lyase (HMG-CoA lyase) deficiency, 2-methyl-3-hydroxybutyric aciduria (2M3HBA), 3-methylglutaconic aciduria (3MGA), or 3-methylcrotonyl-CoA carboxylase (3MCC) deficiency. To differentiate among all these possibilities, urine organic acid analysis, plasma acylcarnitine analysis, and/or genetic tests should be performed. Free carnitine (C0) is low in both primary (carnitine transport defect) and secondary (nutritional carnitine deficiency) carnitine deficiency. A confirmatory test (blood and urine carnitine levels, the genetic test for carnitine transport defect, or checking maternal carnitine levels) is essential to differentiate between these two causes. Medications may also cause falsely elevated levels of certain markers such as C5. Muscle tissue proteolysis, a hypoxic event during delivery, as well as hemolysis can also cause falsely elevated levels of acylcarnitine species such as C0, propionylcarnitine (C3), or isobutyryl-/butyrylcarnitine (C4). The ratios of acylcarnitines species heighten suspicion for inborn errors of metabolism. For example in CPT 1 deficiency, both C0 and C0/palmitoyl (C16)--stearylcarnitine (C18) ratios are elevated. On the other hand, hypoxia/muscle proteolysis may cause elevated C0 accompanied by normal C16--C18 ratio.

Amino acids are markers for amino acid disorders ([@FICICIOGLUMCS001842C27]). Elevated phenylalanine level and phenylalanine/tyrosine ratio, for example, indicate PKU. Several different metabolic diseases or nonmetabolic conditions can cause elevated amino acids. To give two examples, elevated methionine might indicate classical homocystinuria or methionine adenosyltransferase I/III (MAT I/III) deficiency or other factors such as prematurity or total parental nutrition (TPN). Elevated tyrosine could be due to tyrosinemia type I, II, III, transient tyrosinemia, nonmetabolic liver disease, or TPN.

How Can Metabolomics Be Useful for NBS? {#s1a1}
---------------------------------------

Metabolomics is emerging as a key driver in the postgenomic landscape because of its tight relationship with phenotype, but it is still in its infancy with regard to the investigation of IEMs ([@FICICIOGLUMCS001842C3]; [@FICICIOGLUMCS001842C22]; [@FICICIOGLUMCS001842C33]). Advances in metabolomics may provide predictive, prognostic biomarkers of disease state, help us to describe diseases more accurately, and allow for subclassifications of diseases detected through NBS. For example, psychosine has been studied as a marker that is found elevated in newborns with infantile onset Krabbe disease, but it is normal in cases who do not have the infantile form ([@FICICIOGLUMCS001842C6]). The New York state NBS program is considering measuring psychosine level as a secondary test in newborns with low galactocerebrosidase enzyme activity (Krabbe disease). Hex4 is another marker that helps us to differentiate infantile-onset Pompe patients from late-onset cases ([@FICICIOGLUMCS001842C21]).

Genomics {#s1b}
========

Whole-exome sequencing (WES) is analysis of all exons of all protein coding genes in the human genome. This technology is increasingly used in clinical practice ([@FICICIOGLUMCS001842C4]; [@FICICIOGLUMCS001842C19]; [@FICICIOGLUMCS001842C16]; [@FICICIOGLUMCS001842C11]). WES analyzes about 30 million base pairs that are translated into functional proteins. Mutations in base pairs may impair protein expression or function, thereby causing disease. WES is a less costly and more efficient method in detecting mutations causing Mendelian diseases than whole-genome sequencing (WGS). However, WGS still is a useful and sometimes essential tool. WGS analyzes roughly 3 billion base pairs; it is more powerful than WES for detecting (a) single-nucleotide variants (SNVs) and (b) copy-number variants (CNVs) because it covers all breakpoints ([@FICICIOGLUMCS001842C5]; [@FICICIOGLUMCS001842C17]). [@FICICIOGLUMCS001842C5] also showed that a large number of exons from protein-coding genes and noncoding RNA genes were not targeted by WES despite being fully sequenced by WGS.

WGS also detects variants in RNA and protein-coding regions that are not covered by the exome kit. The importance of variants in noncoding regions is not well understood ([@FICICIOGLUMCS001842C34]), and it is difficult to interpret their relation and relevance to the phenotype of interest ([@FICICIOGLUMCS001842C8]).

Several recent publications spanning the United States, Canada, and Europe extensively discuss and provide recommendation for the implementation of WES in clinical care. The American College of Medical Genetics and Genomics (ACMG) republished recommendations for reporting of incidental or secondary findings unrelated to the indication for ordering the sequencing when WGS or WES is used in clinical practice ([@FICICIOGLUMCS001842C15]). The recommendations are based on available data and current experience and need annual updates based on rapidly increasing experience and data.

At present time WGS is much more expensive than WES because of two factors: (a) the higher relative cost of its sequencing technology and (b) its need for a more comprehensive infrastructure to store, manage, and analyze data. However, the sequencing technology for WGS has been improving at a very fast rate while reducing its costs. As the cost differential between WGS and WES diminishes, WGS will become the preferred clinical practice because it yields approximately 100 times more data than WES at the same coverage. This is a welcome development since WGS extends the variation search space to the whole genome and provides more uniform and better coverage depth and genotype quality ([@FICICIOGLUMCS001842C5]).

What Are the Legal and Ethical Concerns of Next-Generation Genetic Tests in NBS? {#s1b1}
--------------------------------------------------------------------------------

Using WGS or WES as a tool in NBS has multiple challenges including cost, feasibility, turnover time, reporting requirement, and legal issues. In the near future, some of these factors such as cost or turnaround time may be overcome. Flashpoints for legal and ethical issues include questions and conflicts around mandating WGS; the benefits and drawbacks to reporting all incidental findings; the need to get a full consent from parents/guardians for screening. Some contend that children should have the right to know---or not to know---their genetic information so that they can decide for themselves what information they want to know once they reach adulthood. Most of the vast amount of data produced by WGS will yield variants of unknown significance that could cause uncertainty and anxiety throughout their life ([@FICICIOGLUMCS001842C18]; [@FICICIOGLUMCS001842C12]; [@FICICIOGLUMCS001842C31]).

### Can States Mandate WGS/WES-Based NBS? {#s1z2}

Each state has the authority to structure and operationalize newborn screening for its citizens. Currently, many state NBS programs mandate NBS. This is based on the 10th Amendment of the U.S. Constitution, which reserves rights to states not delegated to the federal government, such as the right to implement programs to protect the health and general welfare. States can mandate NBS for disorders for which early diagnosis saves lives. PKU is a very good example of this because patients with PKU do not have any symptoms in the first months of life, and once their symptoms are recognized, irreversible brain damage occurs and it is too late for treatment to prevent mental retardation. If they are detected through NBS and a low phenylalanine diet is started in the first weeks of life, they can enjoy normal development. A simple intervention (low-protein diet) can save PKU patients' lives if they are diagnosed in asymptomatic period through NBS. It makes sense for states to mandate for PKU. Many other IEMs have been added into NBS panels, many of them satisfy Wilson and Jungner criteria albeit not fully, but early detection and treatment improves outcomes in many of them.

There is also the other side of the coin. Based on the courts\' interpretation of the 14th Amendment as safeguarding parents\' rights to make medical decisions concerning their children, parents also have the right to consent to their child\'s medical procedures and treatment. States have strong claims to support mandated NBS for disorders such as PKU for which children have unquestionable benefits. This claim gets weaker when a test such as WGS or WES is used as a NBS tool that can provide a child\'s genetic characteristics and risks and detect many genetic conditions that are neither well-understood nor treatable at the present time. Only a small portion of the numerous genetic findings generated by WGS/WES-based NBS will be clinically significant. We must be mindful of the legal and ethical concerns raised by state-mandated intrusion on parents' autonomy in making decisions about their child\'s best medical interests. This extends to parents' right to decide not to use either WES/WGS to generate such extensive genetic information about their child ([@FICICIOGLUMCS001842C13]; [@FICICIOGLUMCS001842C20]; [@FICICIOGLUMCS001842C28]; [@FICICIOGLUMCS001842C32]).

### What Are the Current Practices in Terms of Right to Opt Out of NBS or Requirement for Informed Consent? {#s1b2}

In current NBS practice in the United States, states differ significantly in terms of their requirements for (a) mandating NBS; (b) parents opting out of NBS, and (c) getting parents' informed consent. In three states, NBS is mandated and parents cannot opt out of NBS for any reason. In 30 states, parents may opt out of NBS based on religion. In 15 states, parents can opt of NBS based on personal reasons in addition to religion. Only two states, Maryland and Wyoming, require the parents' informed consent ([@FICICIOGLUMCS001842C20]).

NBS testing relies on testing performed on DBSs on filter paper. Several controversies have arisen in relation to their long-term storage and use for future research. These mostly revolve around the absence of consent at the time of NBS. This will undoubtedly become more exigent if and when WES/WGS will be used as a screening test. Future use of stored DBSs for population-based genomic studies raises a number of ethical, legal, and social challenges that involve public trust, privacy, and consent. It also may provoke broader ethical questions about the tension between the privacy rights of parents/individual children and the benefits to public health and future research justifying the practice of mandatory newborn screening ([@FICICIOGLUMCS001842C31]).

CONCLUSION {#s2}
==========

New investigative thinking is needed to transform genomics and metabolomics into NBS, while not forgetting the basic rules of Wilson and Jungner criteria.

WES/WGS will almost certainly generate many incidental findings that will compel state NBS programs carefully to distinguish between conditions that should---or should not---be reported out without parental consent. Mandatory screening should be preserved for disorders that meet the criteria of direct benefit to infants. Many disorders including creatine deficiency syndromes, Wilson disease, and metachromatic leukodystrophy that currently cannot be screened because of the lack of a reliable biomarker will be detected via WES/WGS-based NBS. Detecting these disorders, which are present in childhood and are treatable, have great direct benefits to infants and their families. Development of new biomarkers will provide core knowledge to shape clinical decisions, help newborn screened cases be defined and classified efficiently, and monitor treatment response more effectively.

NBS is a system, not a test. The addition of new tests to screening panels is taking place without the funding or infrastructure needed to provide adequate follow-up care and clinical services to newborns and their families. Concerns about access to treatment and long-term follow-up are not new in NBS. They may well become even more important issues when NBS is expanded using WES/WGS and other biomarkers. A lack of comprehensive insurance coverage for confirmatory tests and treatment is another concern. It is important to avoid conditions under which children who have undergone mandatory screening are left with a diagnosis but no resources and means to treat it.

It is important to clearly and effectively distinguish the imperatives of research from clinical practice when we use advanced tools such as genomics---WGS/WES---with or without metabolomics in NBS. Parents/guardians must recognize NBS for what it is: an important and effective public health measure to save individual babies' lives. The demands and goals of research must always be subordinated to and harmonized with this highest priority.
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